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Outline:

Ø Structural modeling of the L0–L1 SVT assembly (geometry and materials)
Ø Representation of the silicon layers as circular cylindrical shells with simply 

supported or clamped edges
Ø Validation of finite element model (FEM) results
Ø Realistic modal analysis of the L0–L1 SVT assembly
Ø PSD-based random vibration testing
Ø Conclusions and prospects
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Investigation of SVT vibrations due to multiple sources:
airflow-induced, environment & thermal induced vibrations

L0 subsystem Under Test



Shared challenge with ALICE- ITS3: minimum 
material budget achieved by a thin carbon 
cylindrical exoskeleton for the support of the 
three half-layers. 

Materials & detector assembly
Alice ITS3 

Carbon foam ERG (RVC) Duocel

c-Si

Epoxy glue: Araldite2011

Courteously  from Alice TDR021 for ITS3



Towards the mechanical characterisation of SVT

Aero-elasticity Thermo-elasticity

1- Potential failure and evaluate the short-term/long-term 
reliability of SVT 
2- Position stability of the sensor over time.

With ref. TDR021 for ITS3 

Short-term displacement is induced 
by air flow of the cooling system, the 
seismic (<1 Hz) and cultural noise 
(>1 Hz), and thermoelastic 
expansion caused by short-term 
temperature fluctuation.Elasticity

Simulation FEM Workflow supporting experimental activity: 
- LES Simulations – Incompressible Navier-Stokes fluid
Evaluate static and fluctuating pressure fields on L0–L1 layers to estimate aerodynamic loads.
- Harmonic Simulations – Transfer Function – PSD random vibrations
Assess how external acoustic excitations are transmitted to the L0–L1 layers.
- Transient Thermo-Structural Analysis
Analyse displacement evolution on L0–L1 layers due to thermal gradients with materials with 
different Coefficients of Thermal Expansion (CTEs).
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Modelling of Si layers: circular cylindrical shells

Simply-supported plate 

SS SS
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Simply-supported cylindrical shell
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Mode shape function for the cylindrical shell
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Natural frequencies & mode shape

SS SS

Ref. Vibrations of Shells and Plates 
Werner Soedel For every (m.n) we have three frequencies i=1,2,3
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uz(0, ω, t) = 0

uω(0, ω, t) = 0

Mzz(0, ω, t) = 0

Nzz(0, ω, t) = 0
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(1)m - longitudinal index
n – radial index



Cylindrical shell simply supported at the edges 
– approximation D-M-V

<latexit sha1_base64="HoOHdR5w1UaYh0Aq/z/RyxXpAyI="></latexit>

ωmn =
1

R

√
(mεR/L)4

[(mεR/L)2 + (n/2)2]2
+

(h/R)2

12(1→ ϑ2)
[(
mεR

L
)2 + (

n

2
)2]2

√
Y

ϖ

To understand the vibrational behaviours of the cylinder shell, 
we consider the Donnell–Mushtari–Vlasov approximation 
(shallow shell equations). Closed form  is useful for mode 
identification following the approach of D–M–V with the guess 
function:
 
 

Membrane stiffness Bending stiffness

<latexit sha1_base64="9WY0XBKis/s/PgsJRfTTB/qivIs="></latexit>

w̃mn(z, ω) = sin
mεz

L
cos(

n(ω → ϑ)

2
)

Analytical vs FEM
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<latexit sha1_base64="c+wCwhDVEHvcy6VFmxmBtK4u2Es=">AAAB6nicdZDNSsNAFIUn9a/Gv6pLN4NFcBWSVNO6KBbduKxoW6ENZTKdtENnkjAzEUrpI7hxoYhLfRf3bsS3cdIqqOiBgcN37mXuvUHCqFS2/W7k5uYXFpfyy+bK6tr6RmFzqynjVGDSwDGLxVWAJGE0Ig1FFSNXiSCIB4y0guFplreuiZA0ji7VKCE+R/2IhhQjpdEFr7rdQtG2jiqee+hC27LtslvyMuOWD9wSdDTJVDx+MavJ05tZ7xZeO70Yp5xECjMkZduxE+WPkVAUMzIxO6kkCcJD1CdtbSPEifTH01EncE+THgxjoV+k4JR+7xgjLuWIB7qSIzWQv7MM/pW1UxVW/DGNklSRCM8+ClMGVQyzvWGPCoIVG2mDsKB6VogHSCCs9HVMfYSvTeH/pulajmd553axdgJmyoMdsAv2gQPKoAbOQB00AAZ9cAPuwL3BjFvjwXicleaMz55t8EPG8weOypEA</latexit>

m = 2
<latexit sha1_base64="yH6fBb7dvod/OsdqR17bJLgQsZw=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2ARXA2Zlo7tolh047KibYV2KJk004ZmLiQZoQx9BDcuFHGp7+Lejfg2ZloFFf0h8PH/55BzjhdzJhVC70ZuYXFpeSW/aq6tb2xuFbZ32jJKBKEtEvFIXHlYUs5C2lJMcXoVC4oDj9OONz7N8s41FZJF4aWaxNQN8DBkPiNYaesiqJf7hSKykFOpoRpEVgXZ1Rkg5FRLZWhryFQ8fjHr8dOb2ewXXnuDiCQBDRXhWMqujWLlplgoRjidmr1E0hiTMR7SrsYQB1S66WzUKTzQzgD6kdAvVHDmfu9IcSDlJPB0ZYDVSP7OMvOvrJsov+qmLIwTRUMy/8hPOFQRzPaGAyYoUXyiARPB9KyQjLDAROnrmPoIX5vC/6FdsmzHcs5RsXEC5sqDPbAPDoENjkADnIEmaAEChuAG3IF7gxu3xoPxOC/NGZ89u+CHjOcPlFiRBA==</latexit>

m = 3

<latexit sha1_base64="JgKUiISJbQvoX5Qte64SF3trjf0=">AAAB83icbVC7SgNBFJ31GeMraqnIYBCswm6KaCMEbSwTMA/ILuHuZDYZMjO7zMwKIaT0F2wsFLG1z3fY+Q3+hJNHoYkHLhzOuZd77wkTzrRx3S9nZXVtfWMzs5Xd3tnd288dHNZ1nCpCayTmsWqGoClnktYMM5w2E0VBhJw2wv7txG88UKVZLO/NIKGBgK5kESNgrOT7XRACrovYT1g7l3cL7hR4mXhzki+fjKvfj6fjSjv36XdikgoqDeGgdctzExMMQRlGOB1l/VTTBEgfurRlqQRBdTCc3jzC51bp4ChWtqTBU/X3xBCE1gMR2k4BpqcXvYn4n9dKTXQVDJlMUkMlmS2KUo5NjCcB4A5TlBg+sASIYvZWTHqggBgbU9aG4C2+vEzqxYJXKpSqNo0bNEMGHaMzdIE8dInK6A5VUA0RlKAn9IJendR5dt6c91nrijOfOUJ/4Hz8ABQ1lMc=</latexit>

ω = 2ε

Ref. Vibrations of Shells and Plates - Werner Soedel 



Cylindrical panel simply supported at all edges 1    

SS

<latexit sha1_base64="g8Q1rDDAh3lwIHyllDA6erzn4ac=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdi2gjBm0sEzEXSJYwOzmbjJm9MDMrhJAnsLFQxFYfxt5GfBsnl0ITfxj4+P9zmHOOnwiutON8W5ml5ZXVtey6vbG5tb2T292rqTiVDKssFrFs+FSh4BFWNdcCG4lEGvoC637/apzX71EqHke3epCgF9JuxAPOqDZW5aadyzsFZyKyCO4M8hcf9nny/mWX27nPVidmaYiRZoIq1XSdRHtDKjVnAkd2K1WYUNanXWwajGiIyhtOBh2RI+N0SBBL8yJNJu7vjiENlRqEvqkMqe6p+Wxs/pc1Ux2ceUMeJanGiE0/ClJBdEzGW5MOl8i0GBigTHIzK2E9KinT5ja2OYI7v/Ii1E4KbrFQrDj50iVMlYUDOIRjcOEUSnANZagCA4QHeIJn6856tF6s12lpxpr17MMfWW8/D8mQHg==</latexit>

R

<latexit sha1_base64="F7TQyY/hFZKjTo50tB79ct6CkVs=">AAAB7nicbZC7SgNBFIbPxltcb1FLm8EgWIVdC7URgzaWEcwFkiXMTmaTIbOzy8xZIYQ8hI2FIhY2vom9jfg2Ti6FJv4w8PH/5zDnnDCVwqDnfTu5peWV1bX8uruxubW9U9jdq5kk04xXWSIT3Qip4VIoXkWBkjdSzWkcSl4P+9fjvH7PtRGJusNByoOYdpWIBKNorXoLexwpaReKXsmbiCyCP4Pi5Yd7kb59uZV24bPVSVgWc4VMUmOavpdiMKQaBZN85LYyw1PK+rTLmxYVjbkJhpNxR+TIOh0SJdo+hWTi/u4Y0tiYQRzayphiz8xnY/O/rJlhdB4MhUoz5IpNP4oySTAh491JR2jOUA4sUKaFnZWwHtWUob2Qa4/gz6+8CLWTkn9aOr31iuUrmCoPB3AIx+DDGZThBipQBQZ9eIAneHZS59F5cV6npTln1rMPf+S8/wBe/5Ka</latexit>

ω

<latexit sha1_base64="GryuEbeSJhrNailOMeu7P31VVQw=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdi2gjBm0sEzAXSEKYnZxNxsxemJkV4pInsLFQxFYfxt5GfBsnl0ITfxj4+P9zmHOOFwuutON8W5ml5ZXVtey6vbG5tb2T292rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC697gapzX71AqHoU3ehhjO6C9kPucUW2syn0nl3cKzkRkEdwZ5C8+7PP4/csud3KfrW7EkgBDzQRVquk6sW6nVGrOBI7sVqIwpmxAe9g0GNIAVTudDDoiR8bpEj+S5oWaTNzfHSkNlBoGnqkMqO6r+Wxs/pc1E+2ftVMexonGkE0/8hNBdETGW5Mul8i0GBqgTHIzK2F9KinT5ja2OYI7v/Ii1E4KbrFQrDj50iVMlYUDOIRjcOEUSnANZagCA4QHeIJn69Z6tF6s12lpxpr17MMfWW8/TGmQRg==</latexit>z

<latexit sha1_base64="fMysIwr77ryv41wBJvkjR33trlw=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdi2gjBm0sEzAXSJYwOzmbjJm9MDMrhCVPYGOhiK0+jL2N+DZOLoVGfxj4+P9zmHOOnwiutON8Wbml5ZXVtfy6vbG5tb1T2N1rqDiVDOssFrFs+VSh4BHWNdcCW4lEGvoCm/7wapI371AqHkc3epSgF9J+xAPOqDZWbdAtFJ2SMxX5C+4cihfv9nny9mlXu4WPTi9maYiRZoIq1XadRHsZlZozgWO7kypMKBvSPrYNRjRE5WXTQcfkyDg9EsTSvEiTqfuzI6OhUqPQN5Uh1QO1mE3M/7J2qoMzL+NRkmqM2OyjIBVEx2SyNelxiUyLkQHKJDezEjagkjJtbmObI7iLK/+FxknJLZfKNadYuYSZ8nAAh3AMLpxCBa6hCnVggHAPj/Bk3VoP1rP1MivNWfOeffgl6/UbMSGQNA==</latexit>

h <latexit sha1_base64="2akuX0QtO7pBkxk4C4aopwW1CKI=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdi2gjBm0sLBIwF0iWMDs5m4yZvTAzK4SQJ7CxUMRWH8beRnwbJ5dCE38Y+Pj/c5hzjp8IrrTjfFuZpeWV1bXsur2xubW9k9vdq6k4lQyrLBaxbPhUoeARVjXXAhuJRBr6Aut+/2qc1+9RKh5Ht3qQoBfSbsQDzqg2VuWmncs7BWcisgjuDPIXH/Z58v5ll9u5z1YnZmmIkWaCKtV0nUR7Qyo1ZwJHditVmFDWp11sGoxoiMobTgYdkSPjdEgQS/MiTSbu744hDZUahL6pDKnuqflsbP6XNVMdnHlDHiWpxohNPwpSQXRMxluTDpfItBgYoExyMythPSop0+Y2tjmCO7/yItROCm6xUKw4+dIlTJWFAziEY3DhFEpwDWWoAgOEB3iCZ+vOerRerNdpacaa9ezDH1lvPwaxkBg=</latexit>

L

Donnell–Mushtari–Vlasov approximation with guess function:

<latexit sha1_base64="4tU4SbZjQiIsmI6K4d54hHxz4LM="></latexit>

uimn(z, ω, t) = Aimn cos
mεz

L
sin(

nεω

ϑ
) cos(ϖimnt)

vimn(z, ω, t) = Bimn sin
mεz

L
cos(

nεω

ϑ
) cos(ϖimnt)

wimn(z, ω, t) = Cimn sin
mεz

L
sin(

nεω

ϑ
) cos(ϖimnt)

(1)

<latexit sha1_base64="Wl+YarbyL2J54AKvYk5TThbzCys="></latexit>

ωmn =
1

R

√
(mεR/L)4

[(mεR/L)2 + (nε/ϑ)2]2
+

(h/R)2

12(1→ ϖ2)
[(
mεR

L
)2 + (

nε

ϑ
)2]2

√
Y

ϱ

Membrane stiffness Bending stiffness

General solution 

<latexit sha1_base64="h8xSXdgzcGL506jW5GDu2GrLBfM="></latexit>

ur(z, 0, t) = 0

uz(z, 0, t) = 0

Mωω(z, 0, t) = 0

Nωω(z, 0, t) = 0

(1)

<latexit sha1_base64="MOChMLPj26DW4SHxwV1BfLg+0TA="></latexit>

ur(z, ω, t) = 0

uz(z, ω, t) = 0

Mωω(z, ω, t) = 0

Nωω(z, ω, t) = 0

(1)

Two additional BCs
<latexit sha1_base64="lrBgHAUPUr4ypp60lX26LJuxx34="></latexit>

w̃mn(z, ω) = sin
mεz

L
sin(

nεω

ϑ
)

<latexit sha1_base64="Hco3Ct3FKejwfX39Ad1EGepGUTk=">AAAB83icbVDLSgNBEJz1GeMr6tHLkCAIQtzNIXoRgl48RjAPyC6hdzKbDJnZHWZmhbDkL8SLB0W8+jPe8jdOHgdNLGgoqrrp7golZ9q47sRZW9/Y3NrO7eR39/YPDgtHx02dpIrQBkl4otohaMpZTBuGGU7bUlEQIaetcHg39VtPVGmWxI9mJGkgoB+ziBEwVvL9PggBN75kl5VuoeSW3RnwKvEWpFQr+hfPk9qo3i18+72EpILGhnDQuuO50gQZKMMIp+O8n2oqgQyhTzuWxiCoDrLZzWN8ZpUejhJlKzZ4pv6eyEBoPRKh7RRgBnrZm4r/eZ3URNdBxmKZGhqT+aIo5dgkeBoA7jFFieEjS4AoZm/FZAAKiLEx5W0I3vLLq6RZKXvVcvXBpnGL5sihU1RE58hDV6iG7lEdNRBBEr2gN/TupM6r8+F8zlvXnMXMCfoD5+sHWgyUOg==</latexit>

ω = ε/2



Cylindrical panel simply supported at all edges 2  

<latexit sha1_base64="JYmsoBdS3nc7cvESYn0HTu0An88=">AAAB6nicdZDLSgMxFIYzXut4q7p0EyyCq5LporaLYtGNy4r2Au1QMmmmDU0yQ5IRytBHcONCEZf6Lu7diG9jplVQ0R8CH/9/DjnnBDFn2iD07iwsLi2vrObW3PWNza3t/M5uS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfJbl7WuqNIvklZnE1Bd4KFnICDbWuhQ1r58voCKyKpdhBl4FeRaq1UqpVIXeLEKocPLi1uKnN7fRz7/2BhFJBJWGcKx110Ox8VOsDCOcTt1eommMyRgPadeixIJqP52NOoWH1hnAMFL2SQNn7veOFAutJyKwlQKbkf6dZeZfWTcxYcVPmYwTQyWZfxQmHJoIZnvDAVOUGD6xgIlidlZIRlhhYux1XHuEr03h/9AqFb1ysXyBCvVTMFcO7IMDcAQ8cAzq4Bw0QBMQMAQ34A7cO9y5dR6cx3npgvPZswd+yHn+AIGikPg=</latexit>

m = 1

<latexit sha1_base64="TKrwi+Z0hGwgVRSw7p5ZiheOo3o=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBKubYtGNy4r2Au1QMmnahiaZIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcyZNp737WSWlldW17Lr7sbm1vZObnevpqNEEVolEY9UI8SaciZp1TDDaSNWFIuQ03o4uBrn9XuqNIvknRnGNBC4J1mXEWysdStKp+1c3it4E6FF8GeQv/hwS/Hbl1tp5z5bnYgkgkpDONa66XuxCVKsDCOcjtxWommMyQD3aNOixILqIJ2MOkJH1umgbqTskwZN3N8dKRZaD0VoKwU2fT2fjc3/smZiuudBymScGCrJ9KNuwpGJ0Hhv1GGKEsOHFjBRzM6KSB8rTIy9jmuP4M+vvAi1k4JfLBRvvHz5EqbKwgEcwjH4cAZluIYKVIFADx7gCZ4d7jw6L87rtDTjzHr24Y+c9x8wbZC/</latexit>

m = 5

4 8 12 16 20
n

103

104

f
[H

z]

<latexit sha1_base64="Hco3Ct3FKejwfX39Ad1EGepGUTk=">AAAB83icbVDLSgNBEJz1GeMr6tHLkCAIQtzNIXoRgl48RjAPyC6hdzKbDJnZHWZmhbDkL8SLB0W8+jPe8jdOHgdNLGgoqrrp7golZ9q47sRZW9/Y3NrO7eR39/YPDgtHx02dpIrQBkl4otohaMpZTBuGGU7bUlEQIaetcHg39VtPVGmWxI9mJGkgoB+ziBEwVvL9PggBN75kl5VuoeSW3RnwKvEWpFQr+hfPk9qo3i18+72EpILGhnDQuuO50gQZKMMIp+O8n2oqgQyhTzuWxiCoDrLZzWN8ZpUejhJlKzZ4pv6eyEBoPRKh7RRgBnrZm4r/eZ3URNdBxmKZGhqT+aIo5dgkeBoA7jFFieEjS4AoZm/FZAAKiLEx5W0I3vLLq6RZKXvVcvXBpnGL5sihU1RE58hDV6iG7lEdNRBBEr2gN/TupM6r8+F8zlvXnMXMCfoD5+sHWgyUOg==</latexit>

ω = ε/2

Analitical vs FEM

3 6 9 12
n

103

104

f
[H

z] Alice ITS3

SVT

<latexit sha1_base64="Hco3Ct3FKejwfX39Ad1EGepGUTk=">AAAB83icbVDLSgNBEJz1GeMr6tHLkCAIQtzNIXoRgl48RjAPyC6hdzKbDJnZHWZmhbDkL8SLB0W8+jPe8jdOHgdNLGgoqrrp7golZ9q47sRZW9/Y3NrO7eR39/YPDgtHx02dpIrQBkl4otohaMpZTBuGGU7bUlEQIaetcHg39VtPVGmWxI9mJGkgoB+ziBEwVvL9PggBN75kl5VuoeSW3RnwKvEWpFQr+hfPk9qo3i18+72EpILGhnDQuuO50gQZKMMIp+O8n2oqgQyhTzuWxiCoDrLZzWN8ZpUejhJlKzZ4pv6eyEBoPRKh7RRgBnrZm4r/eZ3URNdBxmKZGhqT+aIo5dgkeBoA7jFFieEjS4AoZm/FZAAKiLEx5W0I3vLLq6RZKXvVcvXBpnGL5sihU1RE58hDV6iG7lEdNRBBEr2gN/TupM6r8+F8zlvXnMXMCfoD5+sHWgyUOg==</latexit>

ω = ε/2

<latexit sha1_base64="OOi4csVBmsHBNtx9Lv2jorImvE0=">AAAB8XicdVDLSgMxFM34rPVVdalIsAiuynSq07oQim5ctmAf2Cklk2ba0CQzJBmhlC79AzcuFHHrD/Q73PkN/oSZVkFFD1w4nHMv997jR4wqbdtv1tz8wuLScmolvbq2vrGZ2dquqzCWmNRwyELZ9JEijApS01Qz0owkQdxnpOEPLhK/cUOkoqG40sOItDnqCRpQjLSRrr0e4hydeRHtZLJ27rTkOicOtHO2XXQKbkKc4rFTgHmjJMiW9ybV99v9SaWTefW6IY45ERozpFQrb0e6PUJSU8zIOO3FikQID1CPtAwViBPVHk0vHsNDo3RhEEpTQsOp+n1ihLhSQ+6bTo50X/32EvEvrxXroNQeURHFmgg8WxTEDOoQJu/DLpUEazY0BGFJza0Q95FEWJuQ0iaEr0/h/6Tu5PJuzq2aNM7BDCmwCw7AEciDIiiDS1ABNYCBAHfgATxayrq3nqznWeuc9TmzA37AevkAqnmUpQ==</latexit> ω = ε

Comparison between two half layers

<latexit sha1_base64="IlWSqQeU2cqrWFjFPswHruwY+kQ=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmXKibYtGNy4r2Au1QMmmmDU0yQ5IRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzwoQzbTzv28ktLa+sruXX3Y3Nre2dwu5eXcepIrRGYh6rZog15UzSmmGG02aiKBYhp41wcDXOG/dUaRbLOzNMaCBwT7KIEWysdSvKfqdQ9EreRGgR/BkULz7ccvL25VY7hc92NyapoNIQjrVu+V5iggwrwwinI7edappgMsA92rIosaA6yCajjtCRdbooipV90qCJ+7sjw0LroQhtpcCmr+ezsflf1kpNdB5kTCapoZJMP4pSjkyMxnujLlOUGD60gIlidlZE+lhhYux1XHsEf37lRaiflPzT0umNV6xcwlR5OIBDOAYfzqAC11CFGhDowQM8wbPDnUfnxXmdluacWc8+/JHz/gMqXZC7</latexit>

m = 1

<latexit sha1_base64="7d9cjKGTXaTNmYgMPUuI6+/7e7Q=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmuqhuikU3LivaC7RDyaRpG5pkhiQjlKGP4MaFIi71Xdy7Ed/G9LLQ1h8CH/9/DjnnhDFn2njet5NZWV1b38huulvbO7t7uf2Duo4SRWiNRDxSzRBrypmkNcMMp81YUSxCThvh8GqSN+6p0iySd2YU00DgvmQ9RrCx1q0oFzu5vFfwpkLL4M8hf/HhluO3L7fayX22uxFJBJWGcKx1y/diE6RYGUY4HbvtRNMYkyHu05ZFiQXVQToddYxOrNNFvUjZJw2aur87Uiy0HonQVgpsBnoxm5j/Za3E9M6DlMk4MVSS2Ue9hCMTocneqMsUJYaPLGCimJ0VkQFWmBh7HdcewV9ceRnqxYJfKpRuvHzlEmbKwhEcwyn4cAYVuIYq1IBAHx7gCZ4d7jw6L87rrDTjzHsO4Y+c9x8r4ZC8</latexit>

m = 2

<latexit sha1_base64="AIVejmNDR4pu4Zyh1Yu109i+0qY=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmFKqbYtGNy4r2Au1QMmnahiaZIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcyZNp737WSWlldW17Lr7sbm1vZObnevpqNEEVolEY9UI8SaciZp1TDDaSNWFIuQ03o4uBrn9XuqNIvknRnGNBC4J1mXEWysdStKp+1c3it4E6FF8GeQv/hwS/Hbl1tp5z5bnYgkgkpDONa66XuxCVKsDCOcjtxWommMyQD3aNOixILqIJ2MOkJH1umgbqTskwZN3N8dKRZaD0VoKwU2fT2fjc3/smZiuudBymScGCrJ9KNuwpGJ0Hhv1GGKEsOHFjBRzM6KSB8rTIy9jmuP4M+vvAi1k4JfLBRvvHz5EqbKwgEcwjH4cAZluIYKVIFADx7gCZ4d7jw6L87rtDTjzHr24Y+c9x8tZZC9</latexit>

m = 3

<latexit sha1_base64="NmocRzpIWFwnWaHyPYj2qA5Af7E=">AAAB6nicdZDNSsNAFIUn9a/Gv6pLN4NFcBWSVNO6KBbduKxoW6ENZTKdtkNnkjAzEUroI7hxoYhLfRf3bsS3cdIqqOiBgcN37mXuvUHMqFS2/W7k5uYXFpfyy+bK6tr6RmFzqymjRGDSwBGLxFWAJGE0JA1FFSNXsSCIB4y0gtFplreuiZA0Ci/VOCY+R4OQ9ilGSqMLXi11C0XbOqp47qELbcu2y27Jy4xbPnBL0NEkU/H4xazGT29mvVt47fQinHASKsyQlG3HjpWfIqEoZmRidhJJYoRHaEDa2oaIE+mn01EncE+THuxHQr9QwSn93pEiLuWYB7qSIzWUv7MM/pW1E9Wv+CkN40SREM8+6icMqghme8MeFQQrNtYGYUH1rBAPkUBY6euY+ghfm8L/TdO1HM/yzu1i7QTMlAc7YBfsAweUQQ2cgTpoAAwG4AbcgXuDGbfGg/E4K80Znz3b4IeM5w+QTpEB</latexit>

m = 3
<latexit sha1_base64="c+wCwhDVEHvcy6VFmxmBtK4u2Es=">AAAB6nicdZDNSsNAFIUn9a/Gv6pLN4NFcBWSVNO6KBbduKxoW6ENZTKdtENnkjAzEUrpI7hxoYhLfRf3bsS3cdIqqOiBgcN37mXuvUHCqFS2/W7k5uYXFpfyy+bK6tr6RmFzqynjVGDSwDGLxVWAJGE0Ig1FFSNXiSCIB4y0guFplreuiZA0ji7VKCE+R/2IhhQjpdEFr7rdQtG2jiqee+hC27LtslvyMuOWD9wSdDTJVDx+MavJ05tZ7xZeO70Yp5xECjMkZduxE+WPkVAUMzIxO6kkCcJD1CdtbSPEifTH01EncE+THgxjoV+k4JR+7xgjLuWIB7qSIzWQv7MM/pW1UxVW/DGNklSRCM8+ClMGVQyzvWGPCoIVG2mDsKB6VogHSCCs9HVMfYSvTeH/pulajmd553axdgJmyoMdsAv2gQPKoAbOQB00AAZ9cAPuwL3BjFvjwXicleaMz55t8EPG8weOypEA</latexit>

m = 2

<latexit sha1_base64="ShsKSi/jcSj53OXOjCIEgRZReb4=">AAAB6nicdZDNSsNAFIUn9a/Gv6pLN4NFcBWSVNO6KBbduKxoW6ENZTKdtENnkjAzEUrpI7hxoYhLfRf3bsS3cdIqqOiBgcN37mXuvUHCqFS2/W7k5uYXFpfyy+bK6tr6RmFzqynjVGDSwDGLxVWAJGE0Ig1FFSNXiSCIB4y0guFplreuiZA0ji7VKCE+R/2IhhQjpdEFrzrdQtG2jiqee+hC27LtslvyMuOWD9wSdDTJVDx+MavJ05tZ7xZeO70Yp5xECjMkZduxE+WPkVAUMzIxO6kkCcJD1CdtbSPEifTH01EncE+THgxjoV+k4JR+7xgjLuWIB7qSIzWQv7MM/pW1UxVW/DGNklSRCM8+ClMGVQyzvWGPCoIVG2mDsKB6VogHSCCs9HVMfYSvTeH/pulajmd553axdgJmyoMdsAv2gQPKoAbOQB00AAZ9cAPuwL3BjFvjwXicleaMz55t8EPG8weNRpD/</latexit>

m = 1



Simply- Supported  FEM analysis  

4 8 12 16 20
n

103

104

f
[H

z]
Modal analysis with two BCs of the SVT-L0 model 

3 6 9 12
n

103

104

f
[H

z]

LF HF

Built-in edges

<latexit sha1_base64="jjYAnLuC3Nqu3/GpO6DqXK0Byis="></latexit>

1079.25[Hz] (m = 1, n = 3)
<latexit sha1_base64="v8+Bp/tsACwJ83mOelw8NJ/awQs="></latexit>

1268.01[Hz] (m = 1, n = 4)
<latexit sha1_base64="tcIcTjJWSvdDpVGMpivVi0MZsqM="></latexit>

1550.11[Hz] (m = 2, n = 4)
<latexit sha1_base64="TaStrJfPK8aQpc7op2K/6IabxXc="></latexit>

1936.62[Hz] (m = 3, n = 5)

Simply supported BCs



Mesh sweeping to obtain  a regular and a good 
mesh quality. 

Half-ring

Glue layer

Inserting 
Glue layers

Original surface from *.stp file – 
topological problems

Rebuild curved surfaces 

CAD modelling  & mesh strategy of the SVT-L0

Ansys model



Analytical SS – Ansys FEM Build-in edeges

Fully constrained half-layer SVT-L0 model

3 6 9 12
n

103

104

f
[H

z]

<latexit sha1_base64="ikGrLJYj73fa+nE2SgUNRqc2G94="></latexit>

1036.5[Hz](m = 1, n = 3)

<latexit sha1_base64="Abtfa2UvSNnqMr4XtbeaINvCuso="></latexit>

1624.00[Hz](m = 2, n = 4)

At low frequencies, increasing the number of radial nodes (n) 
raises the mode frequency. For higher n, frequencies become 
less sensitive to longitudinal boundary conditions, similar to a 
supported case.  Additional mode shapes (not shown) 
contribute similarly at higher frequencies.



Unconstrained half-layer SVT-L0 model – mode 
couplings

Carbon foam 
structures 
(longerons and half 
rings) have modes 
very close to the 
vibration of the 
silicon shell. 

Rigid motions 

Several 
modes in 
the 1 kHz 
bandwidth



A proper rotation of the elasticity matrix should be 
considered in the vibrational simulations. 

c-Si

[110]

[%11
0]

[001]

V

Typical c-Si  <100>

Metal cylinder 
for the wafer 
stitching  

We must define a local 
cylindrical coordinate system.

Silicon anisotropic behaviours 

Journal of Micromechanical Systems Hopcroft 2010



2 4 6 8 10
n

103

104

f
[H

z]

Isotropic Si

Anisotropic Si

Anisotropic Si (100)

<latexit sha1_base64="g3N4mvRsbKK5CgQpk+rjyPl8jLk=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXJVMF2O7EItuXLZgL9AOJZNm2thMZkgyQh36BG5cKOJWH8a9G/FtzLQKKvpD4OP/zyHnHD/mTGmE3q3cwuLS8kp+1V5b39jcKmzvtFSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj8+yvH1FpWKRuNCTmHohHgoWMIK1sRrX/UIRlZCR68IMnApyDFSrlXK5Cp1ZhFDx5MU+jp/f7Hq/8NobRCQJqdCEY6W6Doq1l2KpGeF0avcSRWNMxnhIuwYFDqny0tmgU3hgnAEMImme0HDmfu9IcajUJPRNZYj1SP3OMvOvrJvooOKlTMSJpoLMPwoSDnUEs63hgElKNJ8YwEQyMyskIywx0eY2tjnC16bwf2iVS45bchuoWDsFc+XBHtgHh8ABR6AGzkEdNAEBFNyAO3BvXVq31oP1OC/NWZ89u+CHrKcPo66Qgw==</latexit>z

<latexit sha1_base64="niEya+9ncWJN304YY0915BdnTzU=">AAAB6HicdVDLSgMxFM34rPVVdalIsAiuhkylY7srunHZgn1AO5RMmmljMw+SjDAMXbpy40IRt35Fv8Od3+BPmGkVVPTAhcM593LvPW7EmVQIvRkLi0vLK6u5tfz6xubWdmFntyXDWBDaJCEPRcfFknIW0KZiitNOJCj2XU7b7vgi89s3VEgWBlcqiajj42HAPEaw0lIj6ReKyER2uYqqEJllZFVmBCG7UjqFliYZirWDaeP99nBa7xdee4OQxD4NFOFYyq6FIuWkWChGOJ3ke7GkESZjPKRdTQPsU+mks0Mn8FgrA+iFQleg4Ez9PpFiX8rEd3Wnj9VI/vYy8S+vGyuv4qQsiGJFAzJf5MUcqhBmX8MBE5QonmiCiWD6VkhGWGCidDZ5HcLXp/B/0iqZlm3aDZ3GOZgjB/bBETgBFjgDNXAJ6qAJCKDgDjyAR+PauDeejOd564LxObMHfsB4+QA/UJD2</latexit>y

<latexit sha1_base64="fl4O6z4QdfuinR+TTQEz/aTotgI=">AAAB6HicdZDLSsNAFIYn9VbjrerSzWARXIUk1bQuxKIbly3YC7ShTKaTduzkwsxELKFP4MaFIm71Ydy7Ed/GSaugoj8M/Hz/Ocw5x4sZFdI037Xc3PzC4lJ+WV9ZXVvfKGxuNUWUcEwaOGIRb3tIEEZD0pBUMtKOOUGBx0jLG51leeuKcEGj8EKOY+IGaBBSn2IkFapf9wpF0ziqOPahDU3DNMt2ycmMXT6wS9BSJFPx5EU/jp/f9Fqv8NrtRzgJSCgxQ0J0LDOWboq4pJiRid5NBIkRHqEB6SgbooAIN50OOoF7ivShH3H1Qgmn9HtHigIhxoGnKgMkh+J3lsG/sk4i/Yqb0jBOJAnx7CM/YVBGMNsa9iknWLKxMghzqmaFeIg4wlLdRldH+NoU/m+atmE5hlM3i9VTMFMe7IBdsA8sUAZVcA5qoAEwIOAG3IF77VK71R60x1lpTvvs2QY/pD19AKxKkIg=</latexit>x

<latexit sha1_base64="SMgDIyPG5k3s8+yEWrEBJNCbU6Y=">AAAB6nicdZDLSsNAFIYn9VbjrerSzWARXIUk1bQuxKIblxXtBdpYJtNJO3RyYWYiltBHcONCEZf6Lu7diG/jpFVQ0R8Gfr7/HOac48WMCmma71puZnZufiG/qC8tr6yuFdY3GiJKOCZ1HLGItzwkCKMhqUsqGWnFnKDAY6TpDU+yvHlFuKBReCFHMXED1A+pTzGSCp1fX5JuoWgaBxXH3rehaZhm2S45mbHLe3YJWopkKh696Ifx05te6xZeO70IJwEJJWZIiLZlxtJNEZcUMzLWO4kgMcJD1CdtZUMUEOGmk1HHcEeRHvQjrl4o4YR+70hRIMQo8FRlgORA/M4y+FfWTqRfcVMaxokkIZ5+5CcMyghme8Me5QRLNlIGYU7VrBAPEEdYquvo6ghfm8L/TcM2LMdwzsxi9RhMlQdbYBvsAguUQRWcghqoAwz64AbcgXuNabfag/Y4Lc1pnz2b4Ie05w8fDJFf</latexit>

xe

<latexit sha1_base64="OUrVt7YkCiWlIarl8OCdnu7oTok=">AAAB6nicdVDLSgMxFM3UV62vqktFgkVwNWRaptZd0Y3LFu0D2rFk0rQNzTxIMsIwdOnSjQtF3PoR/Q53foM/YaZVUNEDFw7n3Mu997ghZ1Ih9GZkFhaXlleyq7m19Y3Nrfz2TlMGkSC0QQIeiLaLJeXMpw3FFKftUFDsuZy23PF56rduqJAs8K9UHFLHw0OfDRjBSkuX8TXt5QvIRGW7dGpDZNrIqhRTUrQthErQMtEMher+tP5+ezCt9fKv3X5AIo/6inAsZcdCoXISLBQjnE5y3UjSEJMxHtKOpj72qHSS2akTeKSVPhwEQpev4Ez9PpFgT8rYc3Wnh9VI/vZS8S+vE6lBxUmYH0aK+mS+aBBxqAKY/g37TFCieKwJJoLpWyEZYYGJ0unkdAhfn8L/SbNoWmWzXNdpnIE5smAPHIJjYIETUAUXoAYagIAhuAMP4NHgxr3xZDzPWzPG58wu+AHj5QOicJHC</latexit>

ye

<latexit sha1_base64="xYh4qkHDT1gdF3BisNwbnKQVaBw=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2ARXJVMF2O7EItuXFa0F2jHkkkzbWgmMyQZoQ59BDcuFHGp7+Lejfg2ZloFFf0h8PH/55Bzjh9zpjRC71Zubn5hcSm/bK+srq1vFDa3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRydZ3rqiUrFIXOhxTL0QDwQLGMHaWOfXl7RXKKISMnJdmIFTQY6BarVSLlehM40QKh692Ifx05td7xVeu/2IJCEVmnCsVMdBsfZSLDUjnE7sbqJojMkID2jHoMAhVV46HXUC94zTh0EkzRMaTt3vHSkOlRqHvqkMsR6q31lm/pV1Eh1UvJSJONFUkNlHQcKhjmC2N+wzSYnmYwOYSGZmhWSIJSbaXMc2R/jaFP4PzXLJcUvuGSrWjsFMebADdsE+cMABqIFTUAcNQMAA3IA7cG9x69Z6sB5npTnrs2cb/JD1/AEWdJFa</latexit>

ze

<latexit sha1_base64="JYmsoBdS3nc7cvESYn0HTu0An88=">AAAB6nicdZDLSgMxFIYzXut4q7p0EyyCq5LporaLYtGNy4r2Au1QMmmmDU0yQ5IRytBHcONCEZf6Lu7diG9jplVQ0R8CH/9/DjnnBDFn2iD07iwsLi2vrObW3PWNza3t/M5uS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfJbl7WuqNIvklZnE1Bd4KFnICDbWuhQ1r58voCKyKpdhBl4FeRaq1UqpVIXeLEKocPLi1uKnN7fRz7/2BhFJBJWGcKx110Ox8VOsDCOcTt1eommMyRgPadeixIJqP52NOoWH1hnAMFL2SQNn7veOFAutJyKwlQKbkf6dZeZfWTcxYcVPmYwTQyWZfxQmHJoIZnvDAVOUGD6xgIlidlZIRlhhYux1XHuEr03h/9AqFb1ysXyBCvVTMFcO7IMDcAQ8cAzq4Bw0QBMQMAQ34A7cO9y5dR6cx3npgvPZswd+yHn+AIGikPg=</latexit>

m = 1

<latexit sha1_base64="io76dTaNFajmAj30F67fU2wKhA8=">AAAB6nicdVDLSgMxFM3UVx1fVZdugkVwNWRK7bSLYtGNy4q2FdqhZNJMG5p5kGSEMvQT3LhQxKX+i3s34t+YdhRU9MCFwzn3cs+9XsyZVAi9G7mFxaXllfyquba+sblV2N5pyygRhLZIxCNx5WFJOQtpSzHF6VUsKA48Tjve+HTmd66pkCwKL9Ukpm6AhyHzGcFKSxdBvdwvFJFllxwHIYisWq3mOEcZQeUqtC00R/H4xazHT29ms1947Q0ikgQ0VIRjKbs2ipWbYqEY4XRq9hJJY0zGeEi7moY4oNJN51Gn8EArA+hHQleo4Fz9PpHiQMpJ4OnOAKuR/O3NxL+8bqL8qpuyME4UDUm2yE84VBGc3Q0HTFCi+EQTTATTWSEZYYGJ0t8x9RO+LoX/k3bJsitW5RwVGycgQx7sgX1wCGzggAY4A03QAgQMwQ24A/cGN26NB+Mxa80ZnzO74AeM5w/B5JEk</latexit>

m = 4

<latexit sha1_base64="c+wCwhDVEHvcy6VFmxmBtK4u2Es=">AAAB6nicdZDNSsNAFIUn9a/Gv6pLN4NFcBWSVNO6KBbduKxoW6ENZTKdtENnkjAzEUrpI7hxoYhLfRf3bsS3cdIqqOiBgcN37mXuvUHCqFS2/W7k5uYXFpfyy+bK6tr6RmFzqynjVGDSwDGLxVWAJGE0Ig1FFSNXiSCIB4y0guFplreuiZA0ji7VKCE+R/2IhhQjpdEFr7rdQtG2jiqee+hC27LtslvyMuOWD9wSdDTJVDx+MavJ05tZ7xZeO70Yp5xECjMkZduxE+WPkVAUMzIxO6kkCcJD1CdtbSPEifTH01EncE+THgxjoV+k4JR+7xgjLuWIB7qSIzWQv7MM/pW1UxVW/DGNklSRCM8+ClMGVQyzvWGPCoIVG2mDsKB6VogHSCCs9HVMfYSvTeH/pulajmd553axdgJmyoMdsAv2gQPKoAbOQB00AAZ9cAPuwL3BjFvjwXicleaMz55t8EPG8weOypEA</latexit>

m = 2

<latexit sha1_base64="yH6fBb7dvod/OsdqR17bJLgQsZw=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2ARXA2Zlo7tolh047KibYV2KJk004ZmLiQZoQx9BDcuFHGp7+Lejfg2ZloFFf0h8PH/55BzjhdzJhVC70ZuYXFpeSW/aq6tb2xuFbZ32jJKBKEtEvFIXHlYUs5C2lJMcXoVC4oDj9OONz7N8s41FZJF4aWaxNQN8DBkPiNYaesiqJf7hSKykFOpoRpEVgXZ1Rkg5FRLZWhryFQ8fjHr8dOb2ewXXnuDiCQBDRXhWMqujWLlplgoRjidmr1E0hiTMR7SrsYQB1S66WzUKTzQzgD6kdAvVHDmfu9IcSDlJPB0ZYDVSP7OMvOvrJsov+qmLIwTRUMy/8hPOFQRzPaGAyYoUXyiARPB9KyQjLDAROnrmPoIX5vC/6FdsmzHcs5RsXEC5sqDPbAPDoENjkADnIEmaAEChuAG3IF7gxu3xoPxOC/NGZ89u+CHjOcPlFiRBA==</latexit>

m = 3

Setting the silicon anisotropic behaviours 

Element coordinate system for the correct 
representation of the orthotropic behaviours 
of the c-Si shell layer. 

c-Si elasticity 
matrix in the 
frame of reference
of a standard 
<100> silicon 
wafer

Frequencies are shifted by 10-100 Hz w.r.t. 
isotropic case  

[110]

[%11
0]

[001]

<latexit sha1_base64="kTylzMQyE+JcXQqxQGvG30ZZ0ac=">AAAB7nicdVDLSsNAFJ3UV62vquDGzWARXIUk1bTuSkVw2YJthTaUyXTSDp1MwsxEKKEf4caFIm7d+Bd+gTs3fouTVkFFD1w4nHMv997jx4xKZVlvRm5hcWl5Jb9aWFvf2Nwqbu+0ZZQITFo4YpG48pEkjHLSUlQxchULgkKfkY4/Psv8zjURkkb8Uk1i4oVoyGlAMVJa6pz3U9u2pv1iyTJPq65z4kDLtKyKU3Yz4lSOnTK0tZKhVNtrvtPn+kujX3ztDSKchIQrzJCUXduKlZcioShmZFroJZLECI/RkHQ15Sgk0ktn507hoVYGMIiELq7gTP0+kaJQykno684QqZH87WXiX143UUHVSymPE0U4ni8KEgZVBLPf4YAKghWbaIKwoPpWiEdIIKx0QgUdwten8H/SdkzbNd2mTqMO5siDfXAAjoANKqAGLkADtAAGY3AD7sC9ERu3xoPxOG/NGZ8zu+AHjKcPp3CS2g==</latexit>

E110

<latexit sha1_base64="FpA69AHjmCS1VWpGLzRGjAMzzOw=">AAAB7nicdVDLSgMxFM3UV62vquDGTbAIrobMVKd1VyqCyxZsK7RDyaSZNjTzIMkIZehHuHGhiFs3/oVf4M6N32KmVVDRAxcO59zLvfd4MWdSIfRm5BYWl5ZX8quFtfWNza3i9k5bRokgtEUiHokrD0vKWUhbiilOr2JBceBx2vHGZ5nfuaZCsii8VJOYugEehsxnBCstdc77qYXQtF8sIfO06tgnNkQmQhW77GTErhzbZWhpJUOpttd8Z8/1l0a/+NobRCQJaKgIx1J2LRQrN8VCMcLptNBLJI0xGeMh7Woa4oBKN52dO4WHWhlAPxK6QgVn6veJFAdSTgJPdwZYjeRvLxP/8rqJ8qtuysI4UTQk80V+wqGKYPY7HDBBieITTTARTN8KyQgLTJROqKBD+PoU/k/atmk5ptPUadTBHHmwDw7AEbBABdTABWiAFiBgDG7AHbg3YuPWeDAe560543NmF/yA8fQBpeqS2Q==</latexit>

E100



Random vibration test of the SVT-L0 model 

Partecipation factor in X,Y,Z  64% , 86%, 72% to 
have a good representation of the dynamics of the 
system. 

High-modal density [0-8k Hz]
200 modes

<latexit sha1_base64="g3N4mvRsbKK5CgQpk+rjyPl8jLk=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXJVMF2O7EItuXLZgL9AOJZNm2thMZkgyQh36BG5cKOJWH8a9G/FtzLQKKvpD4OP/zyHnHD/mTGmE3q3cwuLS8kp+1V5b39jcKmzvtFSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj8+yvH1FpWKRuNCTmHohHgoWMIK1sRrX/UIRlZCR68IMnApyDFSrlXK5Cp1ZhFDx5MU+jp/f7Hq/8NobRCQJqdCEY6W6Doq1l2KpGeF0avcSRWNMxnhIuwYFDqny0tmgU3hgnAEMImme0HDmfu9IcajUJPRNZYj1SP3OMvOvrJvooOKlTMSJpoLMPwoSDnUEs63hgElKNJ8YwEQyMyskIywx0eY2tjnC16bwf2iVS45bchuoWDsFc+XBHtgHh8ABR6AGzkEdNAEBFNyAO3BvXVq31oP1OC/NWZ89u+CHrKcPo66Qgw==</latexit>z

<latexit sha1_base64="niEya+9ncWJN304YY0915BdnTzU=">AAAB6HicdVDLSgMxFM34rPVVdalIsAiuhkylY7srunHZgn1AO5RMmmljMw+SjDAMXbpy40IRt35Fv8Od3+BPmGkVVPTAhcM593LvPW7EmVQIvRkLi0vLK6u5tfz6xubWdmFntyXDWBDaJCEPRcfFknIW0KZiitNOJCj2XU7b7vgi89s3VEgWBlcqiajj42HAPEaw0lIj6ReKyER2uYqqEJllZFVmBCG7UjqFliYZirWDaeP99nBa7xdee4OQxD4NFOFYyq6FIuWkWChGOJ3ke7GkESZjPKRdTQPsU+mks0Mn8FgrA+iFQleg4Ez9PpFiX8rEd3Wnj9VI/vYy8S+vGyuv4qQsiGJFAzJf5MUcqhBmX8MBE5QonmiCiWD6VkhGWGCidDZ5HcLXp/B/0iqZlm3aDZ3GOZgjB/bBETgBFjgDNXAJ6qAJCKDgDjyAR+PauDeejOd564LxObMHfsB4+QA/UJD2</latexit>y

<latexit sha1_base64="fl4O6z4QdfuinR+TTQEz/aTotgI=">AAAB6HicdZDLSsNAFIYn9VbjrerSzWARXIUk1bQuxKIbly3YC7ShTKaTduzkwsxELKFP4MaFIm71Ydy7Ed/GSaugoj8M/Hz/Ocw5x4sZFdI037Xc3PzC4lJ+WV9ZXVvfKGxuNUWUcEwaOGIRb3tIEEZD0pBUMtKOOUGBx0jLG51leeuKcEGj8EKOY+IGaBBSn2IkFapf9wpF0ziqOPahDU3DNMt2ycmMXT6wS9BSJFPx5EU/jp/f9Fqv8NrtRzgJSCgxQ0J0LDOWboq4pJiRid5NBIkRHqEB6SgbooAIN50OOoF7ivShH3H1Qgmn9HtHigIhxoGnKgMkh+J3lsG/sk4i/Yqb0jBOJAnx7CM/YVBGMNsa9iknWLKxMghzqmaFeIg4wlLdRldH+NoU/m+atmE5hlM3i9VTMFMe7IBdsA8sUAZVcA5qoAEwIOAG3IF77VK71R60x1lpTvvs2QY/pD19AKxKkIg=</latexit>x

Accel.

Ansys WB Workflow

PSD spectrum used 
for vibrational tests 
with electronic 
equipment in the 
aerospace industry 

Aerospace standard PSD 
Overall level 
11.3 grms



Directional deformation & stress

Vibrational-induced –stress
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Acceleration in two control points

<latexit sha1_base64="g3N4mvRsbKK5CgQpk+rjyPl8jLk=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXJVMF2O7EItuXLZgL9AOJZNm2thMZkgyQh36BG5cKOJWH8a9G/FtzLQKKvpD4OP/zyHnHD/mTGmE3q3cwuLS8kp+1V5b39jcKmzvtFSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj8+yvH1FpWKRuNCTmHohHgoWMIK1sRrX/UIRlZCR68IMnApyDFSrlXK5Cp1ZhFDx5MU+jp/f7Hq/8NobRCQJqdCEY6W6Doq1l2KpGeF0avcSRWNMxnhIuwYFDqny0tmgU3hgnAEMImme0HDmfu9IcajUJPRNZYj1SP3OMvOvrJvooOKlTMSJpoLMPwoSDnUEs63hgElKNJ8YwEQyMyskIywx0eY2tjnC16bwf2iVS45bchuoWDsFc+XBHtgHh8ABR6AGzkEdNAEBFNyAO3BvXVq31oP1OC/NWZ89u+CHrKcPo66Qgw==</latexit>z
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Critical damping



1-Peak at 130.00 Hz, PSD = 8.08e-01
2-Peak at 600.00 Hz, PSD = 8.81e-02
3-Peak at 841.83 Hz, PSD = 8.34e-02
4-Peak at 920.84 Hz, PSD = 7.82e-03
5-Peak at 1360.10 Hz, PSD = 3.60e-02
6-Peak at 1673.00 Hz, PSD = 6.98e-03
7-Peak at 1952.80 Hz, PSD = 7.04e-02
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Displacement ASD

The system already developed appears to withstand severe random vibrational test.

Dashed  -reference of 1 um
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Harmonic Analysis at 1g excitation 

Acceleration 1g along Z axis 

1 um limit

Average directional displacement  
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Q =
1

2ω
= 50

Reference 
surface for 
evaluating 
the average 
displacement



Conclusions

Ø We have developed a modelling strategy to analyse the vibrational 
behaviour of thin silicon shell structures for the Silicon Vertex Tracker 
(SVT).

Ø We have validated the Finite Element Method (FEM) modal 
analysis against analytical models to ensure high accuracy and reliability 
of the simulations.

Ø We have perform a first FEM random vibrational test with PSD 
aerospace spectrum to assess the structural integrity and mechanical 
resilience of the silicon shells under severe transport conditions.



Ø Developing a FEM-based  model of the whole SVT apparatus for 
estimating the displacement noise in the Si sensors due to multiple 
sources of vibrations (air-flow, seismic/cultural, thermal)

Ø Configuring a dedicated experimental apparatus for performing 
extensive vibrational tests at PROM facility in Trento

Thank you for your attention! 

Prospectives

https://promfacility.eu  Trento

Vibrational test
of ALPIDE 
sensors 
mounted 
on a CFRPs 
stave.

CSES-2
14-6-2025

https://promfacility.eu/
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Transportation in the US

Acceleration >11g but 
commercial flight 2.5 g  
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f0 = 55.74Hz/f0 = 686.9Hz
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ASD = 1.61→ 10→8
g
2
N/Hz
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ωRMS = 424.52[nm]/ωRMS = 9.812[nm]

Two insulated modes
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Q = 20

External (seismic) acceleration levels observed typically inside stationary particle physics experiments are low 10-14 - 10-16  [m4/s2/Hz]
in [0.1 -100] Hz. 

Seismic noise (Miles’ formula)



GW detectors' seismic noise

CLIO underground


